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ABSTRACT: Jointless bridges are characterized by integral abutments and their lack of 
bearings and expansion joints. Recently this construction type has gained much popularity 
among bridge owners, since reduced costs in maintenance and rehabilitation are to be expected 
caused by the lack of significantly endangered details like joints and bearings. However, due to 
uncertainties regarding numerical modeling, material strength development and interaction with 
the soil the acceptance by designers is not that high. Currently those topics are being addressed 
by a number of research projects aiming at (a) the verification of current design criteria for 
jointless bridges, (b) the improvement of those, and (c) the derivation of an Austrian guideline 
regarding the design of this construction type. By monitoring the real structural response using 
suitable sensor-systems and performing advanced finite-element calculations to study the 
influence of creep, shrinkage and loading, current design concepts are being evaluated. Finally 
based on those models the most relevant design criteria can be optimized even taking into 
account the non-linearities in material laws and geometrical properties. This paper presents a 
suitable concept for non-linear design which allows for the activation of reserves in bearing 
capacity and thus more efficient design. Modeling uncertainties as well as sensitivities between 
material properties, loading and design parameters are covered by the second paper 
“Probabilistic Design Aspects of Jointless Structures associated with Monitoring Information”. 

 
 

1 INTRODUCTION 

Due to the steadily increasing budgetary constraints regarding both new structures and 
maintenance of existing ones, an international trend towards sustainable and cost-efficient 
design can be noticed. Consequently, construction types like the “jointless bridge” are generally 
gaining popularity since they are linked with the prospect of a significant reduction of life-time 
costs in maintenance. This is mainly caused by the corresponding lack of bearings and 
expansion joints, elements which usually contribute highly to costs in maintenance and 
rehabilitation. Furthermore traffic obstructions during necessary future construction work can be 
reduced.  
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However due to stresses caused by thermal expansion and soil pressure as well as fixed end 
moments between abutment/pillars and superstructure, which are necessary for this type of 
design, construction costs are usually comparably higher mainly regarding the necessary amount 
of reinforcement and corresponding construction work. 

Since in Austria jointless bridges are a new construction type, there is a lot of demand for basic 
research and verification of international know-how in order to provide guidelines which meet 
the national needs. Based on the general demand for efficient design, the optimization of 
existing design concepts and the development of new concepts considering nonlinear effects 
during design are of high interest with respect to the new guideline.  

Following a summary of existing design and safety concepts included in current codes a new 
approach to efficient nonlinear design will be proposed. The necessary steps regarding the non-
linear calculation will be discussed in general as well will be a practical application on an 
existing structure showing the potential reduction in reinforcement area.  

2 NUMERICAL COMPUTATIONAL CONCEPTS 

The design of structures, especially of bridges is mostly based on computationally intensive 
numerical methods like the Finite Element method. It incorporates code based material and load 
models. These models, which are available in advance and are usually defined on expert 
knowledge, in general provide conservative design solutions. Nevertheless, the Euro-Code 
family (EC0 2002) allows for more sophisticated nonlinear and probabilistic considerations in 
order to capture a more realistic structural performance. It has to be mentioned, that (a) material 
models for this kind of structural design are well developed (e.g. material models implemented 
in ATENA), whereas load models meet the reality only on a restricted scale, and (b) nonlinear 
and probabilistic computational procedures are not too familiar to engineers in practice. 
Consequently, there is the requirement for clearly defined procedures for non-linear design and 
especially for probabilistic analyses, which allow (a) the optimization of the design based on 
sensitivity factors, and (b) the incorporation of monitoring data, as stated in a second paper with 
the title “Probabilistic Design Aspects for Integral Bridge Structures”. 

2.1 Code based design 

Code based design is very common and can be subdivided into the following consecutive steps: 
(a) Selection of material-properties of the structure according to code specifications, followed 
by (b) selection of system and cross-section dimensions according to the requirements of bar, 
shell or plate systems, after which (c) a suitable static system for the proper indication of the 
real structural behavior is developed. (d) Then a choice critical load cases LC for failure and 
service ability respectively (e.g. body weight, creep, temperature, shrinkage, global traffic and 
heavy trucks) is made, which determine (e) the computation of internal forces based on a 
geometric and material linear performance. (f) Code based combination directives including 
partial factors associated with the defined LCs are set up. (g) After assembling of load case 
clusters based on combination directives and with respect to the maximum or minimum internal 
forces assigned to the cross sections, (h) a linear computation of the reinforcement with respect 
to the ultimate limit state level (ULS) or (i) a linear computation of the reinforcement with 
respect to the service limit state level (SLS) can be performed. Uncertainties within these steps 
are faced with the partial safety factor concept as defined by traditional design codes. In 
addition, they have to guarantee defined safety classes as proposed in the Eurocode EC 0 
(2002).  
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2.2 Safety classes 

Assigning structures to safety classes is an adequate strategy to ensure cost-efficient design, 
maintenance and rehabilitation planning. The efforts put into design and maintenance then can 
be adapted to the relevance of the individual structure. EC 0 (ÖNORM EN1990 2003) 
differentiates between three consequences classes (CC) CC1 to CC3 according to the 
environmental, economical and societal consequences. CC3 describes high losses of human life 
and/or great economic and environmental consequences. CC2 is consistent with medium 
consequences/ damage and CC1 complies with little to no human casualties and negligible 
damage to the environment and economy. Besides consequences the frequency of usage 
determines the applicable CC as defined by EC0 and shown in Table 1. Additionally the 
assignment to CCs is dependent on public perception and necessary means to increase the 
reliability level. 

Table 1. Consequences classes according to EC0 (2002) 

Consequences 
Low Medium High 

Frequency 
of usage Agricultural use 

greenhouses 
Privat use 

Living, work, recreation, 
office, hotel, school 

Public use 
Convention hall, Library, 

Theater, Hospital 
High - CC3 CC3 

Medium CC2 CC2 CC3 
Low CC1 CC2 CC3 

Three reliability classes (RC) RC1 to RC3, which correspond to reliability levels ß = 5.2, 4.7 
and 4.2 per year, can be associated with the consequences classes (CC). Consequences class 
CC2 requires at least reliability class RC2 or above. Structures that have been designed 
according to Eurocode EC0 and EC2 to EC9 respectively guarantee a minimum reliability level 
of ß = 4.7 with a reference period of 1 year, provided sufficient supervision.  

In Eurocode there are three different levels of design supervision (DSL), which may be linked 
with the reliability class selected or chosen according to the importance of the structure as well 
as three inspection levels (IL), which describe supervision during execution.  

DSL3 means extended supervision like third party checking and is related to RC3. DSL2 
describes normal supervision, denoting that someone different from the initially responsible 
engineer does the checking and DLS1 equals self-checking. The same principle applies to 
inspection levels IL1 to IL3 also ranging from third party to self-checking (EN1990 2002). 

Table 2. Factor KFI with respect to level of supervision/inspection acc. to EC 0 (ÖNORM EN1990 2003) 

 DSL 1 DSL 2 DSL 3 
 IL 1 IL 2 IL 3 

RC 3 (ß = 5.2) - KFI = 1.1 KFI = 1.0 
RC 2 (ß = 4.7) - KFI = 1.0 - 
RC 1 (ß = 4.2) KFI = 1.0 KFI = 0.9 - 

The concept of reliability classes in combination with levels of design supervision and 
inspection levels allows for the adaption of partial safety factors γF on the action side using a 
factor KFI (Table 2) with respect to previously mentioned load combinations.  

2.3 Nonlinear design 

A structural design incorporating nonlinear geometrical and material aspects requires the 
determination of critical load case combinations. It has to be mentioned, that these combinations 
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may vary from cross section to cross section in a structure depending on the bearing or 
serviceability capacity of the cross section and the static system. It can be indicated that 
numerous possible load case combinations will increase the computational effort dramatically. 
Therefore, a procedure within the nonlinear system analysis technique which is able to reduce 
this number is of great importance. One possible strategy for the determination of a limited 
number of critical load combinations can be summarized as follows: (a) A linear code based 
design procedure provides e.g. the reinforcement and displacement distribution in a concrete 
structure. The maximum values of these quantities are used for the location of a limited number 
of decisive cross sections. (b) In consequence, influence lines can be assigned to the quantities 
of interest of those cross sections. (c) Finally, apart from the permanent loads only those load 
cases are being considered which contribute most to the quantities of interest and thus build the 
critical load combination.  

This procedure helps to significantly reduce the number of load case combinations which are to 
be computed with respect to ULS (e.g. bearing capacity) and SLS (e.g. crack width or 
displacement) requirements. 

2.4 Integral design 

In contrast to code-based design integral-design allows for more realistic results, since the 
necessary reliability level and environmental conditions can be included directly by means of 
detailed numerical models and in-depth monitoring (Bergmeister 2009). Depending on the level 
of proof, computational procedures of higher order (Strauss et al. 2008) and experimentally 
obtained nonlinear material properties (Cervenka et al. 2002) can be included. Some 
mathematical procedures and probability based simulation techniques permit the consideration 
of uncertainties in the input parameters (Bergmeister et al. 2007, Novák et al. 2005). Main steps 
regarding detailed numerical simulation techniques include (a) the adaptation of nonlinear finite 
element models using extended constitutive laws for a most realistic modeling of concrete 
structural members, (b) a user-friendly approach to reliability concepts to account for 
uncertainties (randomness) in the input variables, (c) the Realization of methods to generate 
random fields in order to include the spatial variability of geometrical and material properties in 
the calculations, (d) the formulation and implementation of material degradation models, (e) the 
development of life-cycle-cost approaches as basis for risk assessment, (f) linking monitoring 
systems with probability concepts and structural assessment techniques, (g) the implementation 
of databases for stochastic models regarding material properties, loads and geometry, and finally 
(h) establishing of inverse finite element methods (statically or dynamically based) for the 
identification of structural damage. In the following the presented concepts are applied on an 
integral bridge system, called “Marktwasser Brücke SR 33.24”, located close to Vienna. 

3 MONITORING CONCEPTS FOR STRUCTURAL ASSESSMENT 

3.1 General idea 

Cost-efficient maintenance and life-cycle-cost optimization of structures requires the knowledge 
about the current and future condition of existing structures. Consequently, one important 
research topic is the effective incorporation of monitoring data in the structural performance 
assessment and the prognosis of the future performance by prediction functions. Probability 
based quality acceptance methods as well as Bayesian Updating procedures provide efficient 
and powerful tools. These methods even serve as decision elements for possible interruption of 
monitoring or necessary updating of prediction functions. 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

3.2 Monitoring of jointless bridges 

The performance of jointless bridges as construction type is mainly influenced by handling 
temperature loads, earth pressure and shrinkage as well as creep in a suitable way during design. 
In order to evaluate current design criteria and assess the condition of existing structures, the 
effects of these loads on the structure and changes in structural response over time need to be 
captured. The corresponding monitoring-values should be the elongation state in the 
superstructure, the temperature gradient in the deck from top to bottom during the year, the 
deflection due to loading and earth pressure/strains in the underground behind the integral 
abutments. Choosing adequate sensors which match the individual tasks is the first step towards 
a working monitoring system, followed by the optimization of the sensor placement. Generally, 
inductive displacement transducers, pressure transducers, stain gauges, lasers as well as fibre-
optical sensors are feasible choices (Geier et al. 2008).  

Apart from the verification of current design criteria as well as common load models (for 
instance for shrinkage) a calibration of nonlinear finite element models is possible, allowing for 
more accurate structural assessment, estimation of the reliability level and finally the 
optimization of crucial details to improve the performance of future structures. A second paper 
titled “Probabilistic Design Aspects of Jointless Structures” covers those issues. 

4 APPLICATION 

Based on the proposed approach for efficient design of jointless bridges, a recently built three-
span RC-bridge was reevaluated considering non-linear material and geometric properties and 
the traffic load model according to Eurocode 1 (2004a). Subsequently, an existing structure will 
be introduced, applied loads as well as the used finite-element model will be discussed and the 
potential for reduction of reinforcement areas will be shown. 

4.1 Structure – Marktwasser Bridge S33.24 

Marktwasser Bridge is a foreshore bridge leading to a Danube-crossing which is currently being 
built. Although initially conceived as ordinary bridge with bearings and expansion joints the 
design was redone to meet the changed specifications issued by the building-owner, who wanted 
to explore the advantages a jointless design provides – namely reduced costs in maintenance and 
reduction of traffic obstructions during necessary construction work. 

Marktwasser bridge is a three span continuous plate structure with spans of 19.50 m, 28.05 m 
and 19.50 m respectively consisting of two separate structures for both directions, one 
accommodating two, the other one five lanes. Subsequently only the latter is considered. Figure 
1 shows the longitudinal cut of one half of the structure. Apart from being built without pre-
stressing the main aspects of design are a crossing angle of 74° between center-line and integral 
abutments, a deck width of around 19.37 m excluding two cantilevers of 2.5 m each and a 
construction height of 1.0 m. Around both middle supports the deck shows a haunch going from 
1.0 m to a total of 1.6 m to account for the negative bending moment. The broader structure’s 
foundation consists of 28 drilling piles with a diameter of 1.0 m. The ones supporting the 
abutments have a length of 12 m going up to 19.5 m beneath the pillars. 
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Figure 1. Longitudinal cut of Marktwasser-Bridge S33.24 

4.2 Nonlinear mechanical model 

In order to be able to perform the proposed nonlinear design or sensitivity studies concerning 
the uncertainties going along with this type of design a 3D nonlinear finite element model was 
set up in Sofistik (SOFISTIK 2004), an engineering software package with the main advantage, 
that the entire model can easily be parameterized. 

 

Figure 2. Meshed Finite Element Model in Sofistik (2004) 

In Figure 2, the resulting model is shown consisting of 2436 nodes and 3422 elements of type 
quad or beam. Quad elements are 2D-elements with four nodes each. The mesh was generated 
using the module SOFIMSHB, which is able to derive a suitable finite element description of a 
structure from basic geometric data including automatic mesh refinement.  

According to available documents regarding the actual design which is being built a concrete 
quality of C30/37 was used for the main bearing structure, C25/30 for the drilled piles and 
reinforcement of type BSt550, as specified by the Austrian code B4700 (2001). 

Within the nonlinear model in Sofistik the non-linear characteristics of reinforcement-steel as 
well as concrete and their interaction are being considered as indicated in Eurocode 2 (2004b). 
This means a bi-linear law with hardening for steel and a parabolic stress-strain relation for 
concrete. The tension-stiffening effect is accounted for in the model. Figure 3a shows input 
commands used for the definition of  material properties, such as for Concrete (BETO): (a) the 
code family, NORM EC2, (b) the concrete class, C30 and C20, (d) the modified tension 
strength, FCT, and (e) the tension strength associated with tension stiffening, FCTK. Steel 
properties (STAHL) are defined in a similar manner. 
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PROG AQUA 

NORM EC 2  

BETO 1 C 30 FCT 2.90 FCTK 0.60*2.0 

BETO 2 C 25 FCT 2.40 FCTK 0.60*1.9 

STAH 3 S 550 FY 550 FT 620 EPST 25 ES 

              210000 GAM 78.5 

PROG ASE  

SYST PROB TH3b 

SYST ITER 60 TOL 0.02 

SYST NMAT JA  

LF 505 EGZ 1.0 BET2 0.5 

DEHN KSV SL 

Figure 3. Command lines (a) for material definition and (b) for activation of nonlinear calculation 

Loads are determined both by the construction type and the fact that Marktwasser bridge is part 
of the Austrian highway network. Consequently, apart from dead-load important load cases are 
earth pressure, temperature, changes in temperature, shrinkage and traffic loads which include 
trucks, a special purpose vehicle and a crawler vehicle. Linear calculations for various load 
combinations and load placements led to one critical combination, which was later used for the 
non-linear calculations and design. This situation is characterized by loading with all load cases 
mentioned above but solely by the special purpose vehicle as traffic load. 

Figure 3b shows the key commands used for the nonlinear calculation, where PROB = type of 
analysis, TH3b = analysis according to third order theory for bars and to second order theory 
plate elements, ITER = number of iterations, TOL = iteration tolerance, the tolerance refers to 
the maximum nodal load of analysis and gives by multiplication the tolerance limit for residual 
forces, NMAT = yield criteria for QUAD and BRIC elements, DEHN =  determination of strain 
and stiffness, KSV = treatment of material, and SL = Serviceability condition line without 
safety factors associated with material properties. 

Based on the model and the stated critical load combination the necessary reinforcement areas 
could be obtained by nonlinear design. Figure 4 shows lines of equal necessary reinforcement 
area both for the lower and upper main reinforcement layer leading to a max as = 105.5cm2/m. 

 

Figure 4. Upper and lower main reinforcement layers. 

Figures 5a and 5b portray the maximum displacement and maximum crack width obtained from 
the nonlinear analysis with respect to an increase of the variable loads (Load increasing factor, f) 
based on a reinforcement distribution which was determined according to the design code as 
shown in Fig.4. 
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Figure 5. (a) Maximal vertical displacement and (b) maximum crack width vs. the non-linear load 
increasing factor, f, with respect to a reduced design reinforcement 

4.3 Probabilistic model 

Based on the presented non-linear model of the structure relevant aspects of design can be 
optimized using sensitivity factors between input parameters like material properties or loads 
and design parameters like reinforcement area, span length or height of the superstructure. 
Those sensitivities can be obtained by probabilistic analyses as discussed in a second paper (see 
conclusions), which also deals with uncertainties going along with the proposed nonlinear 
design. 

5 CONCLUSIONS 

This paper deals with an integral bridge design. In particular the benefits of the non-linear 
analysis with respect to the necessary reinforcement have been investigated taking care of 
constraints such as the maximum crack width, the maximum vertical displacement and the 
bearing capacity of the system. This method provides high potential for effective engineering 
design compared to design according to current codes. In order to capture the risk with regard to 
material and geometrical uncertainties as well as to optimize the design, probabilistic analyses 
need to be performed, as proposed in “Probabilistic Design Aspects of Jointless Structures”. 
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